The distribution of brain-derived neurotrophic factor (BDNF) in the song system of male zebra finches changes with posthatching age. At day 20, the hyperstriatum ventrale, pars caudale is the only song nucleus in which neurons showed BDNF immunoreactivity. At day 45, the staining in hyperstriatum ventrale, pars caudale was denser than at day 20 and the robust nucleus of the archistriatum, another song nucleus, showed BDNF labeling. By day 65, two additional song nuclei, area X and the lateral magnocellular nucleus of the anterior neostriatum, have become immunoreactive. In the adult, however, the amount of BDNF labeling in all of these brain nuclei is sharply reduced. These sequential events, the anatomical connections between these song nuclei, and the labeling of relevant axons and terminals suggest anterograde transport of BDNF. Furthermore, the timing of BDNF expression coincident with the development of singing behavior suggests that this neurotrophin may be directly involved with the differentiation of the song system.
Neurotrophins such as the brain-derived neurotrophic factor (BDNF) regulate the survival and differentiation of neuronal populations during early development, and play a significant role in the maintenance of established neurons or circuits in adults (1) (2) (3) (4) (5) (6) (7) (8) . Aside from the well-established retrograde action of BDNF (9, 10) , recent evidence also shows that this neurotrophin can be anterogradely transported and could have permanent transynaptic effects (11) . We used a highly specific antibody against the BDNF protein to investigate the distribution of this neurotrophin within the developing song control system of the male zebra finch (12) (Poephila guttata). This system provides a good model for studying the role of BDNF in the differentiation of neural circuits that control a specific behavior, because the song system's discrete nuclei and the connections between them develop relatively late in posthatching life (13) (14) (15) . We find that BDNF immunoreactivity appears sequentially in different song nuclei, suggesting anterograde transport of this protein. The neurotrophin also occurs primarily during a restricted period in which both the neural substrates for song and the singing behavior develop.
MATERIALS AND METHODS
Animals. Experimental subjects were male zebra finches (P. guttata) that were obtained from a breeding colony in our animal facilities. This colony provided us with both adult males (n ϭ 5; Ͼ90 days old) and young birds of known posthatching ages: 20 days old (n ϭ 5), 45 days old (n ϭ 4), and 65 days old (n ϭ 6).
BDNF Antibody and Tissue Preparation.
The BDNF antibody was a gift from Amgen and is characterized as a polyclonal, affinity purified rabbit-anti-BDNF IgG antibody that has shown little or no crossreactivity to nerve growth factor, neurotrophin 3, or neurotrophin 4͞5 (16, 17) . Our preliminary tests confirmed earlier reports (17) that binding of the BDNF antibody to neural tissue is easily suppressed by overfixation. We therefore utilized a ''limited fixation'' protocol throughout this study. In this method, birds were first overdosed with Equithesin then transcardially perfused with 0.9% saline followed by perfusion with Ϸ200 ml of 2% paraformaldehyde in 25 mM phosphate buffer (PB, pH 7.4) for 30 min. The fixative was flushed out of the tissue by further perfusion with Ϸ250 ml of 10% sucrose in PB for an additional 45 min. The brain was immediately removed, the dura mater taken off, and the brain cryoprotected overnight in 30% sucrose in PB (4°C). The next day, the brains were cut in the sagittal plane at 30 m on a freezing microtome and collected in cold PB.
Immunohistochemistry. Free-floating sections were processed for immunohistochemistry by first washing every third section in two changes of PB over 30 min (room temperature). The sections were then blocked for 1 hr in 5% normal rabbit serum (GIBCO), 0.1% BSA (Sigma), and 0.1% Triton X-100 (Sigma) in PB. Sections were incubated for 48 hr (4°C) with either the BDNF antibody or a control rabbit IgG (Zymed) at a concentration of 0.3 g͞ml. After extensive washing, a secondary biotinylated goat anti-rabbit antibody was used at a concentration of 1.5 g͞ml., then washed and detected by using the avidin-biotin-peroxidase complex (Vector Elite ABC kit, Vector Laboratories) combined with nickel intensification (18) . The sections were subsequently washed for an additional hour in PB, mounted onto subbed slides, cleared in xylene, and coverslipped with Permount (Fisher Scientific). Neurons were discriminated from glial cells by the presence of a large pale nucleus containing one or two distinct nucleoli. Alternate sections were counter-stained with cresyl-violet (Sigma) to verify the locations and boundaries of all of the brain areas examined in this study.
BDNF Optical Density Measurements. Quantifications of the relative levels of immunoreactivity for BDNF in various parts of the song system were performed by using a modification of the image analysis method (19) . Files of representative antibody processed sections were produced with a microscope-mounted digital camera. The images were analyzed for relative optical densities by the National Institutes of Health's IMAGE program (20) . Although all members of a given age group showed the same pattern of BDNF immunostaining, there were some individual variations in staining intensities caused by such factors as the level of fixation, binding sensi-tivity to the antibody, washing steps, and differences in the optimal development times to visualize the peroxidase substrate. To compensate for these differences, several random optical density measurements from several representative sections containing the song system area of interest were determined and averaged for each bird (mean value Ϯ SD). This process was repeated on the same respective sections, but this time the optical density measurements were made in the areas immediately around and outside of the corresponding song nuclei. The mean optical density of the surrounding area was then subtracted from the mean song system optical density to give a measurement of the relative amounts of BDNF immunoreactivity for a given song nucleus. This subtracted mean optical density (SMOD) was determined for all birds using the same calibration scale. The error bars were generated from the SDs of the mean optical density values within or just outside of the particular song nucleus by taking the square root of the sum of the squared SDs.
RESULTS

BDNF Is Present in the Song System of Young Birds.
BDNF immunoreactivity was widespread throughout many different areas of the 20-day-old male zebra finch brain (n ϭ 5). We will, however, mainly address the changes in the staining within the vocal control areas, or song system (Fig. 1) . The telencephalic song system area, the hyperstriatum ventrale, pars caudale (HVc or high vocal center), stood out in both the number and density of labeled cells in contrast to its immediate vicinity (Figs. 2 and 3). Optical density quantifications of HVc in 20-day-old males, show a SMOD of 14.6 Ϯ 2.2 (SMOD measurements are in arbitrary units). The labeled neurons appeared to be evenly distributed throughout the nucleus, whereas examination of individually labeled cells showed that the immunoreaction product was largely confined to the cytoplasm and fine neuronal processes, but very little staining, if any, occurred in the cell nucleus ( Fig. 5 ). At this age, the robust nucleus of the archistriatum (RA) showed no BDNF immunostaining (Fig. 2) . The SMOD of a 20-day-old male RA showed a negative value (relative to the surrounding archistriatum) of Ϫ27.0 Ϯ 4.2. However, there were several labeled cells and fibers located between the dorsal-caudal boundaries just outside of RA and ventral to and including the posterior borders of the lamina archistriatalus dorsalis. This area of BDNF staining was previously reported in 20-day-old finches (21) . Two other song system areas in the anterior telencephalon, area X in the lobus parolfactorius and the lateral magnocellular nucleus of the anterior neostriatum (LMAN) both showed no immunoreactivity (Fig. 4) . The SMOD of area X was Ϫ3.65 Ϯ 2.5, whereas the same measurement in LMAN was Ϫ29.4 Ϯ 6.4. Contrary to a report by Johnson et al. (21) , we did not detect labeled cells in LMAN. Similarly, the dorsolateral nucleus of the lateral thalamus (DLM) and the hypoglossal nucleus (nXIIts) that innervates the syrinx both showed very little, if any, BDNF staining (data not shown).
Juvenile Birds Exhibit a Dramatic Shift in BDNF Expression within the Song System. Compared to 20-day-old males, in 45-day-old zebra finch males (n ϭ 4), the BDNF labeling within HVc became noticeably darker. This sharp increase in BDNF staining was caused, in large part, by the extensive labeling now seen in the neuropil and͞or extracellular matrix, but still specifically within the boundaries of HVc (Figs. 2 and  3) . The SMOD of a male HVc at this age was 68.6 Ϯ 4.9, which reflects an almost 5-fold increase in BDNF staining over the same brain area in a 20-day-old male ( Fig. 6 ). Many immunoreactive cells were still evident in HVc. However, an important change that was observed during this age, was the occurrence now of several darkly stained axon bundles that could clearly be seen leaving HVc and going down to and entering RA (Fig. 3) . At this age, RA showed moderate BDNF labeling, although none of the staining was cellular but accumulated outside of the unstained cell bodies. Nevertheless, the RA labeling was highly localized within the nuclear boundaries and the darkened RA could be clearly demarcated from the FIG. 1. Schematic diagram of the adult male zebra finch song system. The HVc projects to both RA and area X. Area X sends its afferents to DLM, which connects to LMAN. The LMAN makes afferent connections to RA, which sends some of its descending projections to the nXIIts that innervates the syringeal muscles used in singing. Anterior is to the right, dorsal side is up. In a 65-day-old male, BDNF staining within HVc is still heavy, but is mostly confined to the neuropil. The RA is also heavily labeled at this age (Lower Left). In the adult, however, BDNF immunostaining within these song nuclei is sharply reduced (Lower Right). (Bar ϭ 500 m.) rest of the lightly stained archistriatum (Fig. 2) . The SMOD of a 45-day-old male RA was 28.2 Ϯ 6.2. Area X and LMAN still showed very little BDNF immunostaining in 45-day-old males with an SMOD of 5.7 Ϯ 1.2 and 1.7 Ϯ 3.0, respectively (Fig.   4 ). Both DLM and nXIIts also continued to show very little antibody staining.
In 65-day-old males (n ϭ 6), few BDNF immunoreactive cells could be detected within HVc. The nucleus is still darkly stained in the neuropil, however, and this is reflected in the SMOD of 39.3 Ϯ 6.6. Also during this age, the labeling of the axon bundles between HVc and RA is rarely observed. In the archistriatum, RA was strongly labeled with an SMOD of 38 Ϯ 3.4, whereas only a few BDNF stained cells or fibers could be seen just outside of the dorsal-caudal RA area. The most striking change in BDNF labeling during this period occurred in area X and LMAN. Whereas previous age groups showed little staining within these two nuclei, at 65 days the male brain suddenly showed a sharp increase in BDNF labeling (Fig. 4) . In area X, the SMOD was 17.85 Ϯ 1.9, and in LMAN the SMOD was 33.4 Ϯ 5.1. All of the new labeling in these areas was in the extracellular matrix. Under high magnification, the BDNF immunoreaction product in area X appeared punctate and clustered around unlabeled cell bodies (Fig. 5) .
The Adult Song System Shows Little BDNF. The song system of adult birds (4 months to Ͼ1 year old) showed conspicuously low levels of BDNF immunostaining regardless of whether the birds were quiescent (n ϭ 2) or just sang (n ϭ 3). In many cases, the levels of immunoreactivity in HVc, RA, and LMAN were lower than the staining of the immediate surrounding areas (Figs. 2-5 ). In HVc, for example, the SMOD of the adult was Ϫ5.5 Ϯ 6.0, whereas in RA, the SMOD was Ϫ12.2 Ϯ 3.9. Similarly, in LMAN, the SMOD dropped from the 65-day-old values to Ϫ4.9 Ϯ 4.5. In area X, however, a new staining pattern emerged in the adult where many widely 
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Proc. Natl. Acad. Sci. USA 95 (1998) 11431 spaced cells were now labeled with the antibody. Surrounding the cells and mostly within the boundaries of area X were also many small knob-like immunoreactive objects (Fig. 5) . However, because of their sparse distribution, the overall SMOD of the adult area X was only 0.7 Ϯ 1.7. Staining in DLM and nXIIts continued to be very low and unchanged in the adult. Controls Show Specificity of the BDNF Antibody. The BDNF antibody staining specificity was verified in all age groups by either omitting the primary antibody or replacing it with a control rabbit-IgG. In either case, no immunoreaction product specifically accumulated in any brain area, including the song system. Also, as an internal control, the optical density of BDNF immunoreactivity in DLM was measured in 20-, 45-, 65-day-old, and adult birds with respective SMOD values of 0.36 Ϯ 1.8, 0.4 Ϯ 1.4, 0.2 Ϯ 1.9, and 0.4 Ϯ 2.3. These results show that the BDNF antibody did not bind specifically to DLM as a function of age, when this was true in other song system nuclei.
DISCUSSION
The results presented in this paper show that BDNF is transiently expressed in the song system of the male zebra finch during the period of early vocal development. Furthermore, the pattern of antibody labeling shows a spatial-temporal distribution that is suggestive of localized production of the trophic factor in HVc, followed by its transport later to other song system nuclei.
BDNF has diverse effects on both the development and maintenance of specific populations of neurons. Its modulatory functions include synapse elimination or pruning (22) (23) (24) (25) (26) , sprouting (27, 28) , modification of the efficacy of developing synapses (29) (30) (31) , and activity-dependent synaptic strengthening mediated by CREB (32, 33) . BDNF can also regulate the formation and development of entire neural circuits (25, (34) (35) (36) . This function of the neurotrophin could involve anterograde transport and transynaptic action (11) . Anterograde transport of BDNF is well documented in several systems including the medial habenula and central nucleus of the amygdyla in rats (16), the adult rodent striatum (37), the developing retinotectal projection of chicken embryos (11) , and noradrenergic neurons in mice (19) .
Many BDNF containing neurons are present in the HVc of a 20-day-old male before any immunoreactivity can be detected in any other parts of the song system, including both its afferent and efferent nuclei. Since the labeled cells are only seen in this song nucleus, HVc may be the sole source of BDNF production within the song system during early development. Of the four different age classes examined, the level of BDNF staining in HVc peaks at or around 45 days of age, whereas the highest levels of the neurotrophin in RA, area X, and LMAN occur later, at 65 days. This time lag and the earliest appearance of labeled neurons only in HVc suggest that BDNF is first produced and accumulated in this nucleus before it is exported to RA and area X, which are the afferent targets of HVc (38, 39) . The most compelling direct evidence of anterograde transport of BDNF from HVc to RA, however, is provided by the heavily labeled axon bundles (in 45-day-old males) that connect the two nuclei. This fiber tract is dense and can be easily distinguished (Fig. 3) . In contrast, the fibers from HVc to area X are diffuse and spread over a relatively wide area of the telencephalon. This sparse distribution makes the labeled axons from HVc to area X difficult to discern. However, the punctate labeling around the unstained area X cells in the 65-day-old bird ( Fig. 5) is characteristic of labeled presynaptic terminals containing the anterogradely transported BDNF (16, 19) . Retrograde transport of BDNF may also occur within the song system. Because HVc does not directly project to LMAN, the accumulation of BDNF in this nucleus at day 65 may be due to retrograde uptake from RA, through the LMAN collaterals that extend into area X (40-42), or both. Because DLM shows little BDNF staining at any age, it can be excluded as a possible source of BDNF for area X, leaving HVc as the only probable source of the neurotrophin.
The functional significance of this brief and sequential expression of BDNF within the song system may be clarified by examination of the concomitant changes in vocal behavior. Zebra finches develop their final song in three phases, although the onset and length of each phase are not always age dependent but vary with auditory and other experiences (43, 44) (Fig. 7) . The first is the subsong phase in which young birds of 20-40 days of age produce a rambling series of sounds that vary from delivery to delivery. The second is the plastic song phase in which young birds of 40-65 days of age produce songs whose syllables are somewhat variable. The third is the crystallization phase in which birds of 65-90 days of age complete song development by producing a stereotyped song pattern (45) . It is during the plastic song phase when BDNF is most highly expressed within the song system. Furthermore, we find more specific correlations between some aspects of the timing and distribution of BDNF expression and singing behavior. Axons of HVc neurons wait for a while outside RA before making their afferent connections to the target neurons in RA at about 35 days of age (13) . The timing of RA innervation corresponds to both the early stage of plastic song and the first appearance of BDNF in RA. Thereafter, the completion of innervation and synaptic rearrangement in RA continue until Ϸday 65. Quantitative electron microscope studies in juvenile male zebra finches show a major increase and rearrangement of synaptic contacts within RA between 45 and 65 days of age, and were mainly attributed to the synapses originating from HVc neurons (46) . The continued labeling of these two nuclei from day 45 to day 65 may reflect the role of BDNF in these processes. However, because the adult lacks BDNF staining in HVc and RA, the neurotrophin's major role there is not likely to be in maintaining established cells or circuits. The volume of RA normally increases at or around 35 days of age, because both neuron size and the interneuronal spacing grow. Lesions of HVc in a 20 day-old male prevent the growth of size and spacing of RA neurons without affecting cell number (47) . Thus, the primary effects of BDNF in RA may be not on cell survival but on these other aspects of differentiation.
However, HVc's influence may be more widespread and may affect the development of other song system nuclei as well. The acquisition of normal song requires the pathway from HVc to area X to DLM to LMAN to RA. Lesions of LMAN or area X in male zebra finches younger than 65 days of age cause abnormal song development (48) (49) (50) . The abundance of BDNF in these two nuclei at day 65 may be related to the process that requires this pathway for proper song development. We know neither the source nor the significance of the labeled cells seen in the adult X area.
In conclusion, the first appearance of BDNF reflects the importance of HVc for the differentiation of the rest of the forebrain song system. The transport of BDNF to other song nuclei at the later stages of song development is consistent with the presumed roles played by these nuclei in song development. We therefore hypothesize that BDNF mediates the differentiation of the zebra finch's song system to organize its neural circuits for the different stages of song development.
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